Abstract-A method to measure variations in yarn diameter using coherent optical signal processing based on a single photodiode plus additional electronics is described. The approach enables us to quantify yarn irregularities associated with diameter variations which are linearly correlated with yarn mass variations. A robust method of system auto-calibration, eliminating the need for a temperature and humidity controlled environment, is also demonstrated. Two yarns that span the diameter ranges commonly used in the textile industry were used to verify the system linearity and ascertain its resolution. The results obtained have been verified using image analysis. Moreover, a diameter characterization was performed under real-world conditions for three types of yarns and a correlation with capacitive measurements is also presented. The system with sensitivity of 0.034 V mm 2 is able to detect minute variations of yarn diameter and characterize irregularities starting at very low thresholds (commercial systems generally characterize variations of 30% or greater relative to the average value).
I. INTRODUCTION
T HE VARIATION in the linear mass of textile yarns is a key quality parameter in the textile industry. Yarn irregularities are generally classified as follows [1] - [3] :
• Thick places-where the local linear yarn mass is well above the average value (normally by at least 35%).
• Thin places-where the local linear yarn mass is well below the average value (normally by at least -30%).
• Neps-for especially large local linear mass increases (at least 100%). Yarn irregularities are usually evaluated using capacitive measurements. However, optical methods have several possible advantages including better resolution and lower sensitivity to environmental factors such as humidity or temperature. We have previously developed a coherent optical signal processing system to measure yarn hairiness [4] - [8] . This system can be easily adapted to measure the projection of the yarn diameter along a single direction and, consequently, infer yarn irregularities. Although the system does not directly measure the yarn mass variation, a strong linear correlation exists between the yarn's diameter and mass variation. Given a high enough number of samples in a given measurement and assuming a random orientation of irregularities over the 360 around the yarn's axis, a single projection measurement should be able to adequately sample the variations in the yarn's diameter. As in the hairiness measurement, we have previously verified this expectation by simultaneously measuring the yarn's diameter along two orthogonal projections. The resulting measurements confirmed that the observed yarn diameter variations had significant statistical results for the two orthogonal directions [9] .
II. MEASUREMENT SYSTEM DESCRIPTION
The measurement of yarn diameter required an optical and an electronic setup, as illustrated in Fig. 1 [1] , [4] , [6] .
The objective of the optical setup is to obtain the signal which is directly related to the yarn diameter in the final image plane (I) [position of the photodiode (PD) in transverse spatial profile, and then passed through a two planoconvex lens beam expander telescope (L1 and L2 with focal lengths of 60 mm) to produce a beam diameter of roughly 1 cm. Subsequently, the expanded beam is directed to the yarn, fixed in the object holder (O). Lens L3 forms a spatial Fourier transform of the light transmitted through the object plane at its principal focal plane (F) at a distance of 65 mm. The size of the final image is controlled by the final lens L4 with a focal length of 60 mm.
A typical image without spatial filtering is shown in Fig. 2 . Looking closely at the image, in addition to the main shadow caused by the yarn core, one can identify several small protruding fibers that also block a significant fraction of the laser light.
By placing a custom fabricated spatial filter (F) in the Fourier plane of L3, we can select which spatial frequencies in the image are allowed to propagate to the detector. Previously, we employed a high-pass spatial filter consisting of a round, roughly 1 mm diameter, opaque target placed in the Fourier plane (F) that blocks all spatial frequencies below 11 , corresponding to a characteristic size of 91 microns or larger in the object plane. Fortunately, there is a good separation in the characteristic length scales of the yarns. Textile yarns typically have diameters ranging from a few hundreds of a few microns up to millimeters, while the small hairs protruding from the yarn are single fibers with diameters typically less than 10 microns. So, the high-pass spatial filter removes the lowest spatial frequencies, in particular, the slowly varying background, while highlighting the sharp contours at the yarn border, as well as the protruding fibers that constitute the hairiness of the yarn. A typical image is shown in Fig. 3 , in which the protruding hairs are clearly highlighted.
In this study, we wish to accomplish nearly the opposite that is to eliminate the signal from the small protruding hairs, leaving only the main shadow due to the yarn core. This can be accomplished by using a low-pass spatial filter to process the image, allowing only the lower spatial frequencies in the image to propagate to the detector plane [10] - [13] . The low-frequency spatial image is dominated by the shadow of the yarn core superposed on the relatively smooth background of the incident laser beam. Fig . 5 presents the images of yarns with different diameters resulting from the application of a low-pass spatial filter, which is the complement of the high-pass spatial filter used in the hairiness measurements. This eliminates all spatial frequencies above 11 , corresponding to a characteristic size of 91 microns or inferior in the object plane. As expected, the hairiness signal is almost completely absent.
The electronic hardware is designed to obtain a voltage that is proportional to the total optical power incident on the detector. The output of a transimpedance amplifier [14] based on a Burr-Brown operational amplifier (OP277P) connected to the photodiode (S1227-1010BR) from Hamamtasu is read by a channel of USB-6251 Data Acquisition Board (DAQ), from National Instruments.
Some of the main features of the operational amplifier are: ultra low offset voltage (10 ) , high open-loop gain (134 dB), high common-mode rejection (140 dB), low bias current (1 nA maximum), and a bandwidth of 1 MHz. The photodiode was chosen based on its low cost, and high sensitivity for red wavelengths (for the emitter used (Laser) -0.39 A/W), large active measurement area (10 10 ), low dark current (maximum of 50 pA), high shunt resistance (2 GOhm), a noise equivalent power (NEP) of 3.1 , and low terminal capacitance (3000 pF). The DAQ Board is a high-resolution (16 bit) board, with high speed (maximum acquisition rate of 1.25 MS/s), high analogue input range (maximum of ) and good precision ( least significant bit, LSB). However, as the intensity of the laser light which is not blocked by the yarn, caused the photodiode to saturate, we have placed a linear polarizer, which has been adjusted to attenuate the laser light signal before the photodiode. The polarizer was adjusted so that the signal without any yarn present will still be in the linear response range of the photodiode.
III. DETERMINATION OF THE YARN DIAMETERS

A. The Gaussian Nature of the Incident Laser Beam
A difficulty in measuring yarn diameters arises from the fact that the fundamental transverse spatial mode of the HeNe laser is Gaussian in shape rather than being spatially uniform. Thus, depending on where the yarn is placed in the incident beam, more or less optical power will be blocked. The light intensity is approximately uniform near the center but decays steeply in the spatial wings. The best approximation for linearity is obtained in the centre of the beam and its close surroundings. A projection along a single dimension of a typical Gaussian intensity distribution is presented in Fig. 6 [15]- [17] .
Mathematically, the Gaussian intensity distribution of the laser beam is given, as a function of the radius by (1) where the parameter , normally called the Gaussian beam radius, is the distance from the optical axis for which the intensity is reduced by (0.135). At , the intensity drops to 50% of its maximum, while at , the intensity is only 0.0003 of its maximum value.
In this specific approach, we consider that the yarn to be measured is positioned close to the laser beam center, called zone 1, or even due to the fluctuations in the yarn position provoked by the traction system in an adjacent zone designated zone 2. As we show in the following, if the yarn is limited to these two illumination zones, it is possible to obtain an approximate proportionality between the yarn diameter and the quantity of laser light blocked.
B. Study of Correlation Between the Laser Beam Area and the Output Voltage 1) Without Yarn:
As shown in Fig. 5 , the presence of yarn in the object plane will provoke a localized shadow in the image plane. Our goal is to correlate the reduction in signal caused by this shadow with the yarn diameter. To accomplish this, we need to calibrate the response variation of the photodiode to a localized change in the laser beam illumination. We carried out this calibration by placing, in front of the photodiode, a "window" with a variable aperture adjustable in steps of 250 using a micrometer stage to translate a movable card. Fully open, the maximum aperture has an area of 7.5 mm 2 mm, as presented in Fig. 7 .
With this construction we measured the photodiode signal over 30 different steps as the window changes from fully open to fully close. The resulting signals are displayed in Fig. 8 .
Although the full aperture has a height of 7.5 mm, Fig. 8 shows that only 26 steps are necessary to go from a maximum signal to a null signal. Effectively, for steps numbered 0 and 1, the aperture did not block any of the incident laser light, since the same signal is observed as for step 3. In contrast, at step 28, the incident beam was already completely blocked by the aperture and so step 29 is redundant. In total, we need 25 steps (considering that the initial point, maximum aperture, is taken as the reference), to totally close the aperture. This means that the effective height of the illuminated area on the photodiode is between 6 and 6.25 mm. An approximately linear variation in the signal is observed for the aperture distances ranging between 2.5 and 5 mm, which corresponds to the region of maximum laser intensity (zone 1), which is characterized for five steps. Alternatively, in Fig. 9 , we display the signal difference between adjacent steps.
As expected, the curve traced out by the data of Fig. 9 is roughly a Gaussian distribution. The center steps, between 12 and 16, produce an almost constant variation in signal and can be identified as corresponding to illumination zone 1 (Fig. 10) . The extension of zone 1 to the two adjacent steps (10; 11; 17; 18) is identified as zone 2.
The nearly constant variation of the signal in zone 1 gives rise to a very linear variation in the signal amplitude as a function of the blocked vertical distance, as displayed in Fig. 10 .
We note that the regression correlation coefficient value of the linear least squared fit is the unity (one). Using the slope of the least squared fit, we can quickly estimate the sensitivity of the system. For the specific optical and electronic hardware configuration used, a vertical window reduction of 1 mm, corresponding to 2 of illumination area, reduces the signal by 1.608 V. Taking into account the optical reduction factor of 66% relative to the object plane, a object which causes a variation of 2 in the image plane would have an actual area of 4.59 yielding an overall system sensitivity of 0.350 . To carry out continuous measurements, the yarn would have to be translated through the object plane using some kind of traction system. This could provoke some small deviations of the yarn from the exact center of the laser beam illumination. To study the influence of such deviations, we have also analyzed the variation in signal that is obtained considering zones 1 and 2. Fig. 11 presents the corresponding data together with the linear least squares fit. The overall fit is still quite acceptable. The difference in best fit slopes between Figs. 10 and 11 is less than 6%, suggesting that even if the yarn moves by as much as in the object plane (corresponding to less than in the image plane) this will provoke an uncertainty in the diameter measurements of less than 6%.
2) Considering Two Different Yarns Diameter: To measure yarns diameters, we have repeated the above procedure of closing the window aperture across the detector, with the presence of yarn in the object plane. Two different yarns that span the range of diameters typically used in the textile industry were analyzed. In each case, the yarn under study was oriented parallel to the direction of the window aperture. Fig. 12 shows an electron microscope image of the thicker yarn (295 g/km of linear mass). This yarn has a diameter that varies from 0.99 to 1.22 mm with a twist step of around 2 mm.
The ratio of the signal obtained with yarn to that obtained without yarn over the variable aperture within the illuminated zones 1 and 2. The results are shown in Fig. 13 . The points of Fig. 13 show that there is an almost constant ratio between the signals with and without the thicker yarn in the object plane. The slight variations observed are probably due to the variations in the yarn diameter along the length of yarn blocked in each step. The electron microscope image shows variations in diameter ranging from 0.99 to 1.22 mm, a range of 22%. If we take the average ratio of approximately 0.65 in Fig. 13 , then the yarn blocks roughly 35% of the incident light. This implies that the tested yarn has an effective average diameter of ( ), or 1.06 mm, close to the lower end of the range of values registered in the electron microscope image.
We note that if the yarn is not completely opaque to the incident laser light, some signal would be seen even in the shadow of the yarn core. This means that the value estimates of the absolute yarn diameter from the above relations would be slightly low. In order to obtain a valid absolute diameter measurement, we would need to consider the opacity of a given yarn, which goes beyond the objectives of the present study. However, a partial opacity would result in a nearly constant multiplicative correction factor and the registered signals should still give a reliable indication of the variations in the yarn diameter as compared with the average diameter which is the value usually quoted in textile applications.
We have repeated the above measurements for a thin yarn (4.2 g/km of linear mass). In doing so it was possible to characterize the resolution limits of the method presented. Fig. 14 shows an electron microscope image of the thinner yarn. From this image, it is determined that the diameter varies between 0.103 and 0.147 mm with a twist step around 0.384 mm.
On average, the signal reduction due to the shadow of the thin yarn is only 0.1561 V/mm of yarn, which results in an overall sensitivity of 0.034 V/mm in the object plane. Using these results we can characterize the system resolution.
At the final points in zone 2, the system has problems in detecting variations in illumination. At this point, we have an aperture 2 mm wide (zones 1 and 2) and a yarn whose diameter projected in the image plane varies between 68
[0.103 mm (minimum electron microscope yarn diameter) ( estimated areas are further reduced by the finite opacity of the yarn and towards the limits of zone 2 we rapidly reach a situation in which the present system is not capable of detecting the important variations. However, this is a limitation which does not occur in zone 1 (area where the yarn should be mainly located during a test), but in the limit points of zones 2. Even so, with this level of resolution located at zone 2, we are able to reliably determine the most common irregularities in textile industry as they consider at least 30% variations. The ratio of the signal with the thinner yarn to that without any yarn present is shown in Fig. 15 as a function of the blocked vertical length of the aperture.
The ratio is roughly constant as expected at least for blocked vertical lengths up to 2 mm. Beyond this point the signal with the thinner yarn present is very close to that without yarn for these points, our measurements are essentially limited by the system resolution as referred above and we cannot perform a reliable measurement. Nevertheless, the system has a resolution significantly better than most commercial systems available on the market [18] , [19] . As a general rule, they can only characterize yarns with a linear mass above 12 g/km. The thinner yarn used in this study has a linear mass of 4.2 g/km which is significantly less. Considering the average result of approximately 0.96, it implies that the yarn blocks a fraction 0.04 of the incident light, giving an effective average diameter for the tested yarn of ( ), or 0.12 mm, quite close quantification to the average diameter obtained from the electron microscope image.
C. Study of Correlation Between Results Without Yarn and With Yarn
As a final study, we look at the correlation between the signals blocked by the thinner yarn and the thicker yarn. The ratios of the signals (Thinner Yarn -Without Yarn) to (Thicker YarnWithout Yarn) for zones 1 and 2 are presented in Fig. 16 .
Once again, we only look at the signals corresponding to the illumination zones 1 and 2 (overall a vertical distance of 2 mm), since, as we have shown previously, in this range the signal blocked by the thinner yarn can be clearly distinguished. The average ratio obtained for the points from 0 to 1.75 mm is 0.105 with a standard deviation of 0.05. We have neglected the 2 mm value because its result is almost 0 and so, no information is obtained. This value is consistent with the expected one based on the electronic microscope images of Figs. 12 and 14. The extreme limits of the diameters in these images are presented in Table I . The value found from the data in Fig. 16 is close to the lower limit of the diameter ratio predicted from the electron microscope images. However, this value may be affected by different mean opacities for the two yarns tested. Thinner yarns show lower opacities.
IV. METHODS OF AUTO-CALIBRATION, DIAMETER DETERMINATION AND IRREGULARITIES CLASSIFICATION
Based on the above tests, we have developed a reliable robust method of system auto-calibration in order to determine the yarn diameters correctly, as well as classify irregularities without the need of a conditioned atmosphere. The following procedures were used: a) measure the signal without yarn ( ) (V); b) measure for various samples the signal with yarn ( ) (V); c) determine the average of signal with yarn ( ) (V), which considers the average diameter; d) calculate the average signal blocked by the yarn ( ) (V); e) then using the theoretical relation for the yarn diameter based on the linear mass ( ), [20] and considering the sample length ( ) of the system (mm), we can estimate the average area blocked by the yarn, ( ); f) determine the attenuation sensitivity for the tested yarn ( ( ). The algorithm starts by obtaining the system output voltage without yarn (step a). Afterwards, considering several yarn samples, it is determined the average system output voltage with yarn (steps b and c). Using these two results it is determined the average voltage signal blocked by the yarn (step d). Subsequently, calculating the theoretical yarn diameter using the yarn linear mass and considering the system sample length, it is determined the average area blocked at each sample of the yarn (step e). Finally, the relationship between steps d and e, enables the determination of the system sensitivity (step f).
After the calibration process described in the previous algorithm, the yarn diameter in each sample is determined by the following procedure: g) determine the area blocked by each yarn sample [ ( )]; h) determine the diameter in each yarn sample [ (mm)]. This procedure determines the yarn area blocked at each sample by establishing the difference between the voltage without yarn and the voltage with yarn and divided by the system sensitivity (step g). The yarn diameter at each sample is calculated as the ratio between step g and the system sample length (step h).
So, if we calculate the average diameter, we are able to determine yarn irregularities by estimating the percentage variation in diameter of each sample with reference to the average diameter.
However, if we just want to characterize yarn irregularities, we can use a simpler five steps process: This less complex procedure determines the difference between the signal without yarn (step a) and the average acquisition result of the samples with yarn (steps b and c), establishing the system reference (0% of diameter variation) (step d). The diameter variation to the system reference is calculated to each yarn sample as the ratio between the voltage signal blocked at each yarn sample and the system reference (step e).
V. REAL WORD CHARACTERIZATION RESULTS
A. Diameter Characterization
Three 100% cotton yarns with different linear masses of 49.17, 62.00, and 295 g/km were analyzed.
To ensure a 1 mm analysis, a window aperture, in the photodiode, with an area of , was built. However, as the optical hardware produced a reduction of 44% in the image plane, a 1 mm high window in the image plan corresponds to an effective height of in the object plane. A 4 mm wide window was used, to allow for a possible oscillation of the sample yarn. However, the yarn position was very stable, and it can be said that a high percentage of samples were acquired in the center of the laser beam where the window was placed, allowing reliable measurements (laser zone with high linearity).
We acquired 6000 samples in steps of 1 mm for each yarn. The value for calibration corresponding to the signal without yarn was 2.63 V. Afterwards, the difference between the acquisition signal and the reference value was calculated, in order to obtain the effective signal blocked by the yarn. Fig. 17 shows, as expected, that higher linear mass yarns and, consequently, larger diameter yarns, produce a greater amount of blocked signal. Table II presents the maximum and minimum diameters of each yarn analyzed as determined using images from an electron microscope and the average value of their blocked signals.
As stated before and now confirmed by Table II , yarn linear masses are correlated with the yarn diameter. Furthermore, Table II , also shows that the average signal obtained is directly proportionality to the yarn diameter. There is a clear tendency for a linear relationship between yarn diameter and the average signal blocked by the yarns under test, with the least squares linear fit having an squared value very close to one (0.995).
Although a window of 4 mm instead of 2 mm was used for the online measurements, the results are still consistent. We introduced a 4 mm window to allow the possibility of higher fluctuations in the yarn position. This also provokes a larger background level resulting in a higher noise in comparison with the 2 mm window. Nevertheless, the results remain coherent, as it is clearly identified a linear variation between yarn diameter and output voltage.
B. Capacitive Analysis Versus Optical Analysis
To test the correlation between yarn mass variation and yarn diameter variation, we have measured the variation relative to the mean value of the 295 g/km yarn, using a capacitive mass variation analysis system and compared the results with the optical diameter analysis described in this study, using samples of 1 mm [21] . We used two different sections of the same yarn, so although we do not expect identical results, the measured level of variation should be similar [22] . A descriptive analysis and correlations between the two methodologies results performed with the statistical analysis software SPSS [23] is presented in Table III . There it can be observed that the values are in close agreement. Moreover, the correlation is significant at a 0.05% level. So, as expected these results confirm the statistical significance between both technologies [22] .
VI. CONCLUSION AND FUTURE WORK
Considering the results obtained, it was possible to establish a direct relationship between the output system value and the yarn diameter when positioned in the laser beam zones 1 and 2. These zones are characterized by an almost constant light intensity, enabling a proportional signal variation. The diameter measurements obtained by the developed system were validated by comparison with electron microscope yarn diameter measurements.
The results used in this study depended on identifying a central illumination zone. The ideal situation would have been to induce a full saturation of the detector over its surface, which would increase the measurements precision, provided the opacity of yarns. Moreover, as this method does not rely on the coherence property of the light source, it could be generalized to other different sources, as a conventional incoherent light source as a LED. However, the measurements would then include the signal blocked by the small protruding fibers from the yarn core (hairiness), as an incoherent illumination would not allow the use of the low-pass spatial filter, introducing high spatial frequencies in the measurement (hairiness frequencies).
Additionally, the system resolution measurement is also dependent, on the amplification factor of the optical system. The system used above had a reduction factor of 0.66 between the object (yarn) plane and image (detector) plane. This led to a decrease in the measurement precision as a result of the lower blocked shadow area of the yarn. However, the system noise will not have an important influence on the system measurement, as the signal-to-noise ratio (SNR) can be adjusted easily, by reducing the active area of the measurement in order to suppress those drawbacks. Moreover, the quantification of yarn irregularities is easily achieved, considering the sample-by-sample diameter results, in order to the average diameter variation. Furthermore, a noncontrolled environment could be used as the system is able of auto-calibration.
Therefore, we can conclude that the developed diameter measurement system, based on coherent optical signal processing, is a convenient method to reliably quantify diameter variations for a large range of yarn linear masses.
In future work, we plan to combine the present diameter measurement system with the hairiness characterization system, using a single laser source together with a beam splitter positioned before the Fourier filter. The electronic hardware will also be duplicated. For higher precision diameter measurements, a photodiode linear array could be employed to obtain signals that would be equivalent to a single line cut perpendicular to the yarn in the images of Fig. 5 However, this would require more sophisticated electronic hardware, higher costs, and significantly greater computational effort for the analysis. 
